Abstract-Predictive control employs future and past information to maintain servo performance and stability in uncertain environment. Nevertheless, nonlinear friction and unknown disturbances still challenge application of predictive control to precision positioning in typical electromechanical transmission systems due to strict demands on accuracy and control performance. In this paper, a modified predictive control strategy is developed to overcome positioning and tracking difficulties for transmission mechanism with friction. Enhanced robustness with respect to unknown dynamics is achieved by incorporating a zero phase error tracking controller (ZPETC) and a time-delay disturbance estimation scheme. Time delay control is used to cancel disturbances and potential nonlinearities. ZPETC is included to improve the overall system bandwidth. Both realistic numerical simulations, which consider the effect of sampling, quantization, and friction, and practical experiments are performed to investigate the effectiveness of the proposed control method. Encouraging transient response and steady-state control performance were observed in the results of positioning control of a one-dimensional transmission mechanism.
I. INTRODUCTION
Predictive control (PDC) is well-known in process control and has been successfully applied to a variety of processes. Some of attractive features of the PDC include that the controller is relatively easy to tune and makes use of the predicted response to manage the effect of disturbances. Within the general framework of predictive control, a number of well-known controller design methods were proposed, e.g., generalized predictive control (GPC) [1] , [2] , model predictive control (MPC) [3] , extended horizon adaptive control (EHAC) [4] , and unified predictive control (UPC) [5] . Soeterboek [5] presented a unified approach with intent to include the advantages of many types of predictive control. However, for system with zeros close to or outside of the unit circle, PDC can only achieve unity gain at dc level. This greatly limits tracking performance of the control system. Besides, due to its inherently predictive nature, this control technique will not be appropriate for highly demanded control performance under nonlinear disturbances such as precision motion control in frictional environment.
Friction, a highly nonlinear phenomenon that depends on contact dynamics, surface topology, surface chemistry, and lubrication, is inevitable in contact transmission mechanisms. It is the most important disturbance in precise motion control and usually leads to steady-state positioning errors and limit cycles at target position (hunting) [6] . Some researchers studied the modeling, analysis of friction and have proposed potential compensation methods for controlling machines with friction [7] - [9] . A number of different control algorithms have also been presented to overcome the effect of friction [10] - [12] . In addition, possible changes of parameters, such as load, disturbances, and wear, in the control system require controllers with high robustness and/or adaptability.
In order to extend the capability of the PDC method and make it applicable for precision motion control under the influence of friction, both robustness and control performance need to be reinforced. The time delay control (TDC), introduced by Youcef-Toumi and his colleagues [13] , [14] , was designed for control of systems with unknown dynamics and disturbances. This approach uses past observation of the system states and control input to calculate the current control action that can quickly cancel unknown dynamics and unexpected disturbance. Although the time delay control sacrifices some gain margin caused by inserting time delays in the feedback loop, this method gains remarkable immunity to uncertainties and disturbances [14] . However, the use of differential estimation and the knowledge of control distribution parameters limit TDCs applications. The other approach for handling disturbances is the disturbance observer (DOB) [15] , [16] , which regards the difference between actual output and output of the nominal model as a signal for disturbance cancellation.
As for the tracking control, Tomizuka [17] introduced the zero phase error tracking controller (ZPETC) to increase tracking performance by applying stable pole-zero cancellation and adding mirror zeros with a feed-forward compensator to cancel the phase effect of unstable zeros in the closed-loop transfer function. For the original ZPETC approach, unity gain can only be guaranteed at dc. Some researchers [18] , [19] focused on improving the range of the unity gain. Nevertheless, like all feedforward compensation schemes that are based on pole-zero cancellation, the ability to exactly model the closed-loop system affects achievable tracking bandwidth.
In this paper, a time delay control scheme and a ZPET algorithm are incorporated into the framework of the predictive control to precisely control a typical transmission mechanism with friction nonlinearity and system uncertainty. The TDC is applied in the velocity loop. It provides good disturbance rejection characteristics by utilizing the state information with a small time delay to estimate unknown disturbances. The PDC will then be used to stabilize the system and to improve regulation performance. A ZPET feedforward controller is designed to improve the overall system bandwidth and to achieve better tracking performance. In addition, in order to achieve fast response without overshoot and to prevent actuator saturation, a cycloidal velocity profile [20] will be adopted to generate the desired reference trajectory. Both realistic numerical simulations and experiments of the control of a one-dimensional (1-D) ballscrew type transmission system are conducted to evaluate the effectiveness of the proposed control approach.
II. MODELING OF A TRANSMISSION SYSTEM
Positioning is one of the most fundamental and important tasks in manufacturing processes. Nearly all types of machine tools employ positioning mechanism of one form or another. It may travel from a few millimeters to several meters and require high accuracy and repeatability within its working range. These positioning mechanisms always consist of a motor powered by electricity or hydraulics, some transmission mechanisms (e.g., leadscrews, ballscrews, rack and pinion, etc.), a drive controller, a platform, and transducers for position and velocity feedback. A typical 1-D dc servopositioning system is shown in Fig. 1 . The torque of the dc servomotor is transmitted to the platform through a lead screw and ball-nut. A linear scale mounted on the slide of the platform provides position feedback to within 5 m. An analog-to-digital 12-b converter in the computer is used to read the analog velocity signal from a tachometer attached to the motor with a quantization level of 0.004 88 V. In addition, a digital-to-analog 12-b converter (0.0012 V quantization level) with saturation limit set at 2.5 V is connected to the input of a linear power amplifier to actuate the motor.
Under the assumption of linear systems, a fourth-order transfer function can be obtained to relate the input voltage of the motor u(t) to the velocity of the table _ x(t). However, since the system dynamics is dominated by the mechanical time constant and that the mechanical coupling compliance is usually small, the inductance of the motor and its coupling effect are ignored. Hence, the comprehensive dynamics of the system in Fig. 1 can be treated as a lumped-mass model and the transfer function for the transmission system from the control input to the velocity output becomes [7] 
where M o is the scaled equivalent mass including the slide, bearing carriages, the ballscrew, motor shaft, and couplings, and Bo is the scaled equivalent viscous friction coefficient of the system. The reduced-order model (1) is just an approximation, since it ignores the influence of nonlinear friction force. In order to capture the practical dynamics of the system, the viscous friction and stiction with Coulomb friction have to be included. Therefore, the plant model can be represented by
where M and B are equivalent values of M o and B o with parameter uncertainty, respectively. B _ x(t) represents the viscous friction term and u fn (t) denotes the nonlinear friction. If the input u(t) is held constant for a long period of time, then the velocity will reach a steady-state _ xs. As a result, u(t) = u f (t) must be satisfied. By repeating velocity measurements for a series of voltage commands, the function of u f in terms of _ x s can be experimentally obtained. Fig. 2 shows such a relationship for the experimental setup in Fig. 1 . Table I lists the nominal values for the relevant system parameters [20] .
III. CONTROLLER SYNTHESIS
In this section, we will discuss the synthesis of the proposed control law that combines the advantages of the PDC, TDC, and ZPETC. The TDC technique will be used to recover nominal plant dynamics by estimating and canceling possible disturbances [14] . Predictive control is then employed to design a two degrees-of-freedom (DOF) control law based on the nominal plant model. Closed-loop stability and steadystate performance are also considered in this stage. Finally, ZPETC is used as the feedforward compensator to further improve tracking performance.
A. Disturbance Estimation Using Time Delay Technique
Let the output be the position of the platform. From (2), we can obtain
where a(t) is 0(B _ x + u fn )=M , which includes the system dynamics and unknown disturbances. The gain of the control input, b, is 1=M , which only depends on the total effective mass of the transmission mechanism. The relative degree of the system is two and equals to the number of the states. Therefore, the system characteristics can be completely described by its input/output relationship, i.e., no zero dynamic exists.
Assume that the value of a(t) in (3) at the present time t is very close to that at time t 0 L in the past for a small time delay L, i.e. 
whereb is a constant that is an estimation of the true plant parameter b and V m (t) is the reference input at time t. Substituting the time delay control law (5) into the plant (3), asb ! b and L ! 0, the nominal plant model from reference input V m to velocity output as described in (1) can be recovered.
To assure stability of the time delay control, it has been shown [14] thatb needs to satisfy the condition of j1 0 bb 01 j , where is less than 1. The stability constraint can be easily met by a suitable selection ofb, since the control gain, b, only depends on the total equivalent mass of the transmission mechanism whose range is commonly well-known in advance. In actual implementation, acceleration information will be obtained by differentiating the measured velocity signal by using the backward transformation.
B. Predictive Control with ZPETC
The unified predictive control (UPC) [5] approach is used in designing the feedback control law to achieve the desired positioning and tracking performance. UPC has the advantage of having relatively simple and systematic tuning rules and the ability of encompassing the advantages of other types of predictive control. The overall system steady-state performance and robustness can also be easily specified.
The equivalent discrete-time model of a general positioning system can be written as the concept of UPC, a unified criterion function is proposed to be the performance index
where Q n (q 01 ) and Q d (q 01 ) are mutually coprime monic polynomials. This criterion function (7) is minimized under the following constraint: (7) subjected to the constraints (8) . As the results, the optimal predictive control law may be transformed into the following polynomial representations 
where R(q 01 ), S(q 01 ) and T (q 01 ) are polynomials that can be calculated from A(q 01 ), B(q 01 ), C(q 01 ), D(q 01 ), P (q 01 ), Q n (q 01 ), Q d (q 01 ), Hc, Hm, Hp, , and d [5] . Choice of the design parameters P (q 01 ), Q n (q 01 ), Q d (q 01 ), Hc, Hm, Hp, and can be found in many literatures [1] - [3] , [5] .
Q n (q 01 ) = 1 0 q 01 and Q d (q 01 ) = 1 ensure that zero steady-state error for a constant set point and constant disturbance will not be influenced by the weighting factor . In general, R(q 01 ) and S(q 01 )
determine the stability and disturbance rejection performance of the closed-loop system. T (q 01 ) is needed to improve tracking performance by attempting to cancel the undesired closed-loop dynamics. However, if the closed-loop system has zeros close to or outside of the unit circle, PDC will only try to match the dc gain of the system that results in degradation of tracking performance. For example, the model of the platform has a zero at q = 00:7983 when sampling at 100 Hz. It is close to 01 and will not be compensated by the feedforward compensator T (q 01 ) of predictive control.
To further improve tracking performance, a preprocess controller, the ZPETC, is developed to increase the overall tracking bandwidth of the system. The closed-loop transfer function from w(k + H p ) to x(k) is q 0d01 Bc(q 01 ) P (q 01 )
where B c (q 01 ) = B(q 01 )T (q 01 ). A ZPETC for the above system can therefore be designed as 
where B 0 c (q 01 ) and B + c (q 01 ) are the polynomials that represent the uncancellable zeros and the cancellable zeros, respectively. P (q 01 ) 
where the small time delay L is selected as one sampling time. The overall control scheme is shown in Fig. 3 . K a is the linear gain of a power amplifier, which directly drives the motor. Some similar control schemes for high performance control are compared in Table II .
IV. SIMULATION AND EXPERIMENT
In accordance with the positioning system shown in Fig. 1 , design and implementation of controllers were based on the nominal system parameters of Table I 
Based on hardware specifications of the experimental setup, the sampling frequency can be up to 1000 Hz. However, estimation of acceleration would be severely jeopardized by noise amplification, if high sampling frequency were applied. Therefore, a digital low-pass filter (not shown in the block diagram of Fig. 3 ) using the backward difference approach was implemented for acceleration estimation. Because similar results were observed for different sampling frequencies, only responses of 100 Hz will be shown in this paper. To estimate system uncertainties using the time delay control technique, the gain of control inputb was estimated to be 6.5. The positioning displacement was predetermined to be x d = 0:3 m and a reference trajectory was generated by a cycloidal velocity profile to maintain a smooth motion, as shown in Fig. 4 [20] . 
This predictive control achieved second-order sensitivity function and complementary sensitivity function that are shown in Fig. 5 . Both sensitivity functions showed 040 dB/decade row-off in the low-frequency and high-frequency region, respectively. In order to illustrate the effectiveness of the proposed control strategy in handling parameter variation and disturbances, both simulations and experiments were conducted. The realistic numerical simulations, including sampling and quantization effects, were examined for friction nonlinearity and two types of disturbance (see Fig. 6 ). The two disturbance conditions were 1) increasing the equivalent mass by 40% (Fig. 7) , and 2) increasing the equivalent mass by 40% and adding an external force generated by a linear spring with a spring constant of 49 N/mm (Fig. 8) . The moving platform experienced the spring force from the displacement of 270 to 300 mm measured from the starting point. The friction disturbance was modeled as the Reset friction process [9] with the equivalent stick 0.18 V and slide 0.14 V. Furthermore, actual positioning experiments were also investigated for conditions without and with an extra load mass of 100 kg. Four different controllers, PID, PDC, PDC+ZPETC and PDC+ZPETC+TDC, were implemented for each case (see Figs. 9 and 10) . Fig. 7 shows responses of the system with 40% mass variation. It presents that using the PDC alone maintained almost zero steady-state error, although the maximum tracking error, x d 0 x, reached up to 7 mm. The PDC+ZPETC controller clearly improved the tracking performance and maximum tracking error was reduced to 400 m (a 17.5 times improvement). The PDC+ZPETC also brought about some oscillation behavior caused by friction nonlinearity at the target region. But, in the acceleration and deceleration portions of the trajectory, significant error was produced due to the mass uncertainty and the gain mismatch in the ZPETC. It also appears that including a ZPETC technique successfully compensated the phase lag in the PDC control input as illustrated in Fig. 7(b) . By adding a time delay control scheme, the results demonstrated excellent disturbance rejection along the entire trajectory. The corresponding tracking errors were no more than one seventh of that of using the PDC+ZPETC.
The simulation results of mass variation with a disturbed spring force during positioning process are shown in Fig. 8 . The responses were very similar to previous results. The PDC+ZPETC+TDC maintained superior tracking performance, since the uncertainty and disturbance could be estimated by the time delay technique and were effectively compensated. The PDC+ZPETC response showed slowly convergent rate due to the disturbance of the spring force.
Figs. 9 and 10 present experimental responses of the actual positioning system without and with an external load mass of 100 kg. Both results demonstrated similar responses predicted by realistic numeric simulations. In both figures, positioning performance using a well-designed PID approach to suppress possible limit cycles presented in [20] is also included. Apparently, the PID method exhibited satisfactory control performance. But the proposed PDC+ZPETC+TDC strategy displayed even better tracking capability especially at the start-up period due to its inherent prediction and feedforward features. Also, the PDC+ZPETC showed a greater maximum error occurred in the presence of the unknown load mass. Although the TDC used the velocity difference to estimate the external disturbance, the overall system responses indicated little effect of the measurement noise. Stiction usually generates severe discontinuity at zero velocity, which may cause tracking instability and position error. In order to verify the ability of the presented control strategy to overcome this difficulty, a back-and-forth motion was also investigated. Consistent control performance of the bidirectional experiment is depicted in Fig. 11 , even when the system crosses zero speed. As a result, the proposed control strategy demonstrates precise positioning performance of the motor-driven transmission system under the influence of model uncertainty and friction disturbance.
V. CONCLUSION
Precise positioning is crucial for manufacturing processes due to the strict specifications on dimension and clearance of products. However, existing friction nonlinearity and possible unknown disturbances strongly restrict application of control approaches with poor robustness. Moreover, undesired stick-slip behavior may occur during the positioning or tracking at low velocities that causes hunting and degradation of tracking accuracy. Although the PDC has been successfully applied to general process controls, this method is not suitable for accurate positioning and trajectory tracking because of its imperfect robustness for unknown disturbances and model uncertainties. A control algorithm that combines the predictive control with ZPETC and time delay disturbance estimation was proposed. ZPETC is used to improve tracking performance and TDC attempts to cancel model uncertainties and disturbances. Realistic simulation and experimental results of the proposed algorithm on a 1-DOF transmission system indicated promising positioning performance in the presence of unknown disturbance and model uncertainty.
Abstract-Although many medical robots such as surgical robots and nurse robots were developed, very few robots have been introduced in the field of oral restoration, especially in complete denture manufacturing. Until now, complete denture manufacturing has been manual, with low quality and low effectiveness. A robotic system for complete denture manufacturing, which can realize automatic implanting of artificial teeth, is described in this paper. The tooth arrangement algorithm is presented, including the equations of jaw-arch curve and teeth-arch curve, setup of a Finally, an experiment of complete denture manufacturing is made for a patient, a pair of complete dentures is obtained, and the results are analyzed. This robotic system is expected to change the manner of complete denture manufacturing wholly, and significantly improve product quality and manufacturing efficiency.
Index Terms-Automatic implanting, complete denture, manufacturing, robotic.
I. INTRODUCTION
Although robots have been introduced in oral surgery for resolving the relevant problems [1] - [5] , a robot has not yet been used for complete denture manufacturing. The complete denture manufacturing remains a manual operation even today.
The conventional clinical manufacturing of complete dentures is based on manual operation. After a series of preparation work of oral cavity check, the dentists create an occlusal mould reflecting the cavity soft and hard organism conditions, obtain the occlusal motion relation between the upper and lower jaw according to the shape of occlusal mould and dentist experiences, and work out the design plan of model and denture base fabrication. Then the dental technicians perform tooth arrangement and complete denture manufacturing. Finally, the patients will test by actual wearing. Only by good cooperation of the experienced dentists and dexterous dental technicians, could high quality and low-repair-rate complete dentures be obtained. Actually, there are few such dentists and technicians in real life. And this causes the higher price of complete dentures.
The development of a robot makes it possible to achieve automatic manufacturing of complete dentures. A robotic complete denture manufacturing system is proposed. In this system, the dentists and technicians are replaced by a robot manipulator and an expert system software. The dentist's high-level experiences and the dental technician's dexterous skills are integrated, and automatic manufacturing is achieved.
In this paper, the problems relating to the software is mainly discussed.
II. SURVEY OF THE ROBOTIC SYSTEM
From a hardware standpoint, the proposed robotic system is composed of a computer, a CRS robot manipulator with its controller, a self-designed electronic magnetic gripper, an implant table with a denture base on its surface, a standard teeth store with artificial teeth, light-sensitive glue, light source, etc. (see Fig. 1 ). The light source is installed on the
